Aims/hypothesis Intrarenal tissue hypoxia, secondary to increased oxygen consumption, has been suggested as a unifying mechanism for the development of diabetic nephropathy. Increased endothelin-1 signalling via the endothelin type A receptor (ETA-R) has been shown to contribute to the development of chronic kidney disease, but its role in kidney oxygen homeostasis is presently unknown. Methods The effects of acute ETA-R inhibition (8 nmol/l BQ-123 for 30-40 min directly into the left renal artery) on kidney function and oxygen metabolism were investigated in normoglycaemic control and insulinopenic male Sprague Dawley rats (55 mg/kg streptozotocin intravenously 2 weeks before the main experiment) used as a model of type 1 diabetes. Results Local inhibition of ETA-R in the left kidney did not affect BP in either the control or the diabetic rats. As previously reported, diabetic rats displayed increased kidney oxygen consumption resulting in tissue hypoxia in both the kidney cortex and medulla. The inhibition of ETA-Rs restored normal kidney tissue oxygen availability in the diabetic kidney by increasing renal blood flow, but did not affect oxygen consumption. Furthermore, ETA-R inhibition reduced the diabetes-induced glomerular hyperfiltration and increased the urinary sodium excretion. Kidney function in normoglycaemic control rats was largely unaffected by BQ-123 treatment, although it also increased renal blood flow and urinary sodium excretion in these animals. Conclusions/interpretation Acutely reduced intrarenal ETA-R signalling results in significantly improved oxygen availability in the diabetic kidney secondary to elevated renal perfusion. Thus, the beneficial effects of ETA-R inhibition on kidney function in diabetes may be due to improved intrarenal oxygen homeostasis.
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Introduction
The vasoactive peptide endothelin-1 (ET-1) is a major regulator of BP, acting on endothelin A and B receptors (ETA-Rs and ETB-Rs) expressed in the vasculature, regulating vascular tone, as well as along the nephron, regulating Na + transport [1] [2] [3] . In the vasculature, ETA-Rs expressed on vascular smooth muscle cells induce vasoconstriction, whereas ETB-Rs expressed on the vascular endothelial cells induce nitric oxide-dependent vasodilatation [4] . However, ETB-Rs located on vascular smooth muscle cells have been reported to cause profound vasoconstriction if activated [5, 6] .
Both receptor types are present in the kidney: in the renal vasculature for the haemodynamic regulation of local renal blood flow (RBF) and GFR, and along the nephron for Na + homeostasis [1, 2] . In the renal vasculature, ETARs localised to the afferent arterioles induce vasoconstriction and decrease GFR, whereas ETB-Rs localised to the efferent arterioles predominantly regulate vascular tone [7] . ETA-Rs are present in the nephron, mainly in the proximal tubule and the collecting duct, but the exact functions mediated by ET-1 signalling are complex. In the straight proximal tubule, ETB-Rs mediate fluid reabsorption at low ET-1 concentrations via the activation of protein kinase C, whereas high ET-1 concentrations inhibit fluid reabsorption through the accumulation of arachidonate metabolites [8] . However, ETB-Rs mediate the production of nitric oxide and/or cyclooxygenases, with potentially potent inhibitory effects on Na + /K + -ATPase, epithelial sodium channel (ENaC), Na-K-Cl cotransporter (NKCC2) and aquaporin 2 [9, 10] , resulting in an inhibition of Na + transport in most other segments of the nephron.
Sustained hyperglycaemia and the subsequent increased oxidative stress result in increased kidney oxygen consumption (QO 2 ) and tissue hypoxia via distinctly different mechanisms [11] . Increased mitochondrial leak respiration in combination with a reduced efficiency of tubular electrolyte transport have been proposed as the major factors contributing to the elevated QO 2 in the diabetic kidney [12] [13] [14] . Furthermore, it has been proposed that increased tubular Na + /K + -ATPase as a result of the early diabetesinduced glomerular hyperfiltration contributes to the elevated QO 2 in the diabetic kidney [15] .
Given the alterations in renal haemodynamics and tubular function associated with early diabetes and the beneficial effects of ETA-R inhibition on urinary albumin excretion, glomerular damage and fibrosis in diabetes [16] [17] [18] , we investigated the role of increased ETA-R signalling for mediating diabetes-induced alterations in kidney function. To do this, we applied an approach in which we acutely and selectively inhibited ETA-R signalling in the kidney without affecting the systemic circulation.
Methods
Chemicals and animals All chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) unless otherwise stated. Male Sprague Dawley rats (~280 g; Charles River, Sulzfeldt, Germany), used as a model of type 1 diabetes, were rendered diabetic (n = 7, randomly selected) with streptozotocin (55 mg/kg i.v.) and compared with age-matched normoglycaemic controls (n=9). Diabetes was confirmed by measuring the blood glucose concentration (FreeStyle Lite; Abbott Laboratories, Abbott Park, IL, USA). Food and water were given ad libitum. The experimental protocol was approved by the local ethical committee and performed in accordance with the National Institutes of Health guidelines for the use and care of experimental animals.
Surgical procedure Fourteen days after the induction of diabetes, all the rats were anaesthetised with thiobutabarbital (Inactin; 120 mg/kg i.p.). Body temperature was maintained at 37.5°C with a servo-controlled heating pad, and tracheostomy facilitated spontaneous ventilation. Catheters were inserted into the carotid artery in order to monitor the arterial BP, into the jugular vein for infusion of ; American Radiolabeled Chemicals, St Louis, MO, USA) and into the bladder to allow drainage. The left kidney was immobilised in a plastic cup, and the left ureter was catheterised in order to collect urine for subsequent measurements of kidney function. A final catheter was inserted into the lumbar artery and advanced into the left renal artery in order to allow for the kidney-specific delivery of drugs without causing systemic effects. Finally, a flow probe (Transonic Systems, Ithaca, NY, USA) was placed around the left renal artery, and a recovery period of 30-40 min was started.
Dose-response relationship
The dose-response relationship for the ETA-R inhibitor BQ-123 was performed as a separate series in order to determine the most appropriate dose. After a resting period, normoglycaemic rats (n=6) received constant infusions of graded doses of BQ-123 (final blood concentrations 0, 0.25, 0.5, 1, 2, 4, 8 and 16 nmol/l) into the renal artery with 5 min measurements of mean arterial pressure (MAP) and RBF at each dose. From these results ( Fig. 1) , we determined that a final concentration of 8 nmol/l in the renal artery resulted in a maximal effect on RBF without any effect on MAP.
Measurements of kidney function After the recovery period, MAP, RBF, GFR and renal Na + handling were measured during a baseline period (30-40 min) followed by an experimental period (30-40 min) during which BQ-123 was continuously infused into the renal artery [19] . Kidney tissue partial pressures of oxygen (pO 2 ; Clark-type oxygen microelectrode,~10 μm outer diameter; Unisense, Aarhus, Denmark) and total kidney QO 2 (iSTAT System; Abbott Laboratories) were measured at the end of each period as described elsewhere [20, 21] .
GFR was calculated from the urinary excretion rate of 3 H-inulin using a standard liquid scintillation technique [20] . The urinary protein concentration was analysed according to the manufacturer's protocol (DC protein assay; Bio-Rad Laboratories, Sundbyberg, Sweden). Na + concentrations were analysed using flame photometry (model IL543; Instrumentation Lab, Milan, Italy), and the concentration of thiobarbituric acid reactive substances (TBARS) was measured as previously described [22] .
Renal vascular resistance (RVR) was calculated as the MAP divided by the RBF, and QO 2 as the arteriovenous extraction of oxygen multiplied by the RBF. The delivery of oxygen (DO 2 ) was calculated as the arterial oxygen content multiplied by the RBF. The filtration fraction (FF) was calculated as the GFR divided by (RBF×[1−packed cell volume]). Transported Na + (TNa) was calculated from (arterial Na + ×GFR)−(urinary Na + ×urine flow), and the fractional urinary excretion of Na + (FENa) from the urinary Na + concentration divided by (GFR×plasma Na + ).
Statistical analysis All statistics were computed using GraphPad Prism 6.1 (GraphPad Software, San Diego, CA, USA). Repeated measurements 2×2 ANOVA followed by a Bonferroni's post hoc test was used to analyse control vs diabetic rats at baseline and after BQ-123 treatment. The unpaired Student's t test was used to compare baseline characteristics between control and diabetic animals. All data are displayed as mean ± SEM, and p < 0.05 was considered significant.
Results
The maximal effect on RBF was achieved at a concentration of 8 nmol/l of BQ-123 without any systemic effects (Fig. 1) . This dose was therefore chosen for the subsequent studies.
All the animals administered streptozotocin developed pronounced hyperglycaemia and reduced weight gain ( Table 1 ). The MAP, blood pH and haematocrit were similar in the two groups, and the administration of BQ-123 directly into the left renal artery did not affect any of these variables (Table 2) .
Acute ETA-R inhibition normalised the cortical tissue pO 2 in diabetic rats (Fig. 2a) but had no effect on the controls. However, ETA-R inhibition improved medullary pO 2 in both groups (Fig. 2b) . The diabetes-induced increase in total kidney QO 2 was unaffected by ETA-R inhibition (Fig. 3a) . The improved pO 2 was due to an increased DO 2 (Fig. 3b) resulting from pronounced vasodilatation (Fig. 4a and Table 2 ) and a reduced GFR (Fig. 4b) . The reduction in GFR was in turn derived from a reduced FF, especially in the diabetic rats (Fig. 4c) .
ETA-R inhibition increased the urinary Na + excretion as a result of a reduced TNa in both groups, but this was greater in the diabetic rats (Table 3) . However, it is unlikely that this (Table 3) . Acute ETA-R inhibition failed to reduce the diabetesinduced proteinuria or oxidative stress (Fig. 5) .
Discussion
The main finding in the present study is that ETA-R inhibition acutely improved tissue pO 2 in the diabetic kidney by increasing the RBF and DO 2 . Furthermore, ETA-R inhibition normalised the diabetes-induced hyperfiltration and induced a pronounced natriuresis. However, the total QO 2 in the diabetic kidney remained unaffected, and TNa/QO 2 was further reduced after ETA-R inhibition. Finally, 30-40 min of acute ETA-R inhibition did not reduce either proteinuria or markers of oxidative stress.
Diabetic nephropathy is the leading cause of end-stage renal disease, affecting one-third of diabetic patients [23, 24] . The underlying mechanisms are poorly understood, and the currently available treatment strategies targeting the renin-angiotensin system have been shown to lack benefit for long-term renal function in addition to lowering BP in diabetic patients with microalbuminuria diabetes patients with a modestly reduced GFR [25] . However, the inhibition of ET-1 signalling via ETA-Rs has recently emerged as a novel treatment option, and clinical trials currently validate its effectiveness [26] .
ET-1 signalling via ETA-R results in pronounced vasoconstriction in most resistance vessels, as well as tubular Na + retention [27] . The involvement of ET-1, and specifically the ETA-R, is attracting growing attention, and it is now concluded that increased ETA-R signalling has an important role in the development of chronic kidney disease [27] . In terms of diabetic nephropathy, ETA-R inhibition has been reported to decrease albuminuria [16] and reduce glomerular damage [17] in vivo, and to decrease epithelial-to-mesenchymal transition-induced fibrosis in cultured renal tubular cells exposed to hyperglycaemia [18] . Circulating levels of ET-1 are elevated in diabetes [28] , which may be due to either increased ET-1 production or reduced clearance. Furthermore, it was recently demonstrated that ET-1, via ETA-Rs, increases the glomerular production of reactive oxygen species and urinary protein leakage during exposure to hypoxia in mice fed a highsalt diet [29] . Thus, ET-1 signalling via ETA-Rs may play an important role in the development of diabetic nephropathy, especially considering the intrarenal hypoxia that develops soon after the onset of diabetes [30] .
Intrarenal tissue hypoxia has been proposed as a unifying pathway for chronic kidney disease [31] , including diabetic nephropathy [11] . Indeed, intrarenal tissue hypoxia per se without confounding factors such as hyperglycaemia, oxidative stress or hypertension is sufficient to induce chronic kidney disease [32] . It should be noted that RBF is not under metabolic control, since it is regulated predominantly by the myogenic response and the tubuloglomerular feedback mechanism to maintain a stable GFR. As a consequence, an increased kidney QO 2 inevitably causes intrarenal tissue hypoxia because there is a lack of a compensatory increase in DO 2 .
The two dominant mechanisms for the increased kidney QO 2 in diabetes are increased mitochondrial leak respiration and reduced TNa/QO 2 [30] . Both alterations are initiated by increased oxidative stress since antioxidant treatment using Coenzyme Q10 prevented mitochondrial leak respiration [13] and the activation of hypoxia-inducible factors, resulting in a significantly upregulated antioxidant defence, normalised TNa/QO 2 [33] . Interventions inhibiting the key events in the pathway that leads an to increased QO 2 in the diabetic kidney [30] will therefore normalise intrarenal oxygen availability and prevent the development of diabetic nephropathy [13, [33] [34] [35] [36] . The present study demonstrates that an inhibition of ETA-R signalling in the diabetic kidney will also normalise intrarenal tissue oxygen availability, but that rather than there being a direct effect on kidney QO 2 , this effect is accomplished via increased DO 2 due to profound vasodilatation and an increased RBF. ETA-Rs are particularly predominant in vascular smooth muscle and myocytes, which explains the profound renovascular effects of ETA-R inhibition.
The long-term implication of profound vasodilatation for diabetic kidney function has not yet been fully elucidated, but the available clinical data support beneficial effects on kidney function by reducing cell injury, inflammation and fibrosis [37] . Indeed, the renovascular response to most vasoconstrictors is enhanced in diabetes [38] , and chronic ETA-R inhibition may therefore protect function in diabetic kidneys at least partly by restoring the normal vascular response to endogenous vasodilators. Furthermore, we have recently reported that immunomodulation using chronic adenosine A 2 a receptor stimulation prevents diabetes-induced glomerular damage and proteinuria independently of oxidative stress and intrarenal hypoxia [39] . It is therefore possible that the long-term beneficial effect of ETA-R inhibition on glomerular integrity is due to reduced inflammatory damage to the filtration barrier, which is in addition to reduced mesangial cell contraction [40] .
It is surprising that the kidney QO 2 did not decrease after ETA-R inhibition in light of the reduced GFR and TNa. However, the relationship between oxygen availability and lactate production is significantly altered in diabetes [41] , resulting in increased lactate levels even though there is enough oxygen present for oxidative phosphorylation [42] . It is possible that the increased DO 2 after ETA-R inhibition in the diabetic kidney masked any potential beneficial effect of a reduced oxygen demand by offsetting this relationship. This would also explain the significantly reduced TNa/QO 2 after inhibition of ETA-R in diabetes. Furthermore, an increased RBF and concomitantly reduced FF and GFR imply a preferential effect on the efferent arteriole after ETA-R inhibition in the diabetic kidney, similar to what has been reported for C-peptide [20] . The finding of increased total and fractional urinary Na + excretion after ETA-R inhibition is in agreement with previous reports highlighting ETA-R as a major regulator of TNa [43] . In the present study, QO 2 was unaltered whereas TNa was significantly reduced after ETA-R inhibition, resulting in a lower TNa/QO 2 . It is well-known that the TNa/QO 2 ratio should be interpreted with caution when experimentally altering TNa (reviewed by Evans et al [44] ). The lack of an acute effect of ETA-R inhibition on total kidney QO 2 is possibly the result of ETA-Rs mainly being localised in the smooth muscle cells and myocytes, and not in the renal tubular cells performing the majority of work in the kidney. Although we did not observe any direct implications of a reduced TNa for total QO 2 , it is likely that the pronounced natriuretic effects after ETA-R inhibition would contribute to the reduction in BP, an effect that could magnify the beneficial effects for long-term kidney function.
Interference with any mechanism affecting systemic haemodynamic regulation has the potential to be influenced by an altered renal perfusion pressure. We therefore chose to deliver the ETA-R inhibitor directly into the left renal artery in a dose that would cause maximum renal effects without spilling over to affect the systemic BP. Using this approach enabled us to isolate the role of ETA-Rs on intrarenal haemodynamic regulation and tubular function, and to avoid confounding effects such as a reduced arterial pressure that could potentially affect sympathetic activity and induce renin release.
In conclusion, this study demonstrates that acute ETA-R inhibition increases oxygen availability in the diabetic rat kidney. The improved intrarenal oxygen availability after ETA-R inhibition was predominantly an effect of increased DO 2 rather than a normalisation of the diabetes-induced increase in kidney QO 2 . The increased RBF in combination with a reduced FF and GFR implies that ETA-R inhibition mainly affects the efferent arterioles. 
